1 better understanding of the role of trace elements and thereby enhance performance without significantly increasing production cost. It was anticipated that careful control of trace elements could extend the creep rupture life of superalloy structural members by more than an order of magnitude.
Emphasis in the present study was on understanding possible synergistic effects among the minor alloying additions. Two model superalloy, IN718 and Waspaloy, were selected for this study of microalloying effects. In alloy718, P and B have a positive synergism [1] [2] [3] , with the best improvement in stress-rupture life observed when both elements are present at their respective optimum levels (which are significantly higher than their levels in commercial heats). In Waspalloy, on the other hand, the longest stress-rupture life is obtained when B is added at its optimum level but P is kept at the lowest possible level [1] [2] [3] . At higher P concentrations (e.g., at the typical P level found in conqnercial heats of Waspalloy), the beneficial effect of B is not as great.
BENEFITS TO DOE'S MISSION
This CRADA project relates to three major missions of DOE: (1) science and technology, (2) energy resources and energy efficiency, and (3) economic productivity.
Nickel-base superalloy are state-of-the-art materials for high-temperature structural applications in advanced engines, petrochemical systems, and other energy conversion systems. The research performed under this CMDA will help in the development of upgraded superalloy with improved performance and temperature capability. Carefi.d control of microalloying additions was shown to result in as much as a ten-fold increase in the stress-rupture life and creep strength of superalloy. Thus, for the same rupture life, stress or temperature can be increased, resulting in improved efficiency and energy conservation. Additionally, the results of this CRADA project will help develop general scientific principles for the design of other high-temperature structural materials.
TECHNICAL DISCUSSION

Summary of Results / lilloy
718
Detailed results of the investigations on IN718 have been published in refs. [4] [5] [6] [7] . The principal results are summarized here. Phosphorus significantly increased stress rupture life, independent of boron. However, B, which is widely acknowledged as improving stress rupture properties, was nearly ineffective when P was held to very low levels (= 0.0016 wt'%0). When optimum levels of both elements were present, rupture life far exceeded the maximum achieved by either element acting alone. Over the entire composition range investigated, rupture life varied by more than ten fold.
Rupture ductilities were unchanged, but creep testing showed a decrease in the steady state creep rate of up to ten fold. Both P and B were found on the grain boundaries of these s~ples, but fracture was completely transgranular. There was no evidence that the stability of they' or y" precipitates changed with P and B additions, or that these elements segregated to the particle interfaces. Other properties, including room and elevated temperature (650"C) tensile strength, low cycle fatigue strength, and weldability were either unchanged or slightly improved by the P+B additions.
Waspaloy
An entirely different behavior for P and its interaction with B was observed in
Waspaloy [1] [2] [3] . optimum stress rupture life was achieved at the lowest P content. At this P level, B was a very effective strengthener, with the longest life observed with addition of 0.016 wtOA B. If P is present at levels of 0.006 WtO/O ,orhigher (which is close to typical for commercial Waspaloy), the strengthening effect of B appears to saturate at 0.005 WtO/O (also typical commercial content) and further increases in B content result in no, or an insignificant, increase in life. Again, over the entire compositional range studied, rupture life varied by ten fold. Broken stress rupture specimens revealed a totally intergranulm' failure mode for Waspaloy under these conditions.
Creep tests and slow-strain-rate tensile tests were performed'on Waspaloy containing different levels of the microalloyirig additions B and P and the detailed results are reported below. Both strength and ductility were affected by the amount of B and P present in Waspaloy. Creep strength was highest@ the high-B low-P alloy and lowest in the high-B high-P alloy, with the high-purity and commercial-purity alloys generally falling in between. (This trend became clearer the higher the test temperature.) Interpretation of the trace element effects was complicated by the presence of bands of larger grain size in most of the alloys tested. The high-purity alloy was the " worst in this regard, with m,much as 50°Aof its cross-sectional area occupied by larger grains. In general, when grain-boundary sliding is the dominant deformation mechanism in creep, fme grain size alloys are weaker than coarse grain size alloys. In the present study, however, the high-purity alloy (with the largest grains) was weaker than the high-B low-P alloy with finer grains, suggesting that intra-granular processes of dislocation locking (directly by trace-element atmospheres or indirectly by the trace elements altering the vacancy concentrations) may be more important than grainboundary sliding. A similar conclusion was drawn in the caseofIN718 since B and P were found not to alter the coarsening rate of the y" precipitates in that alloy. An unexplained difference is why the dislocation locking (it indeed that is the strengthening mechanism) is most effective when B and P act togetherinIN718 but when B acts by itself in Waspaloy.
Ductility was lowest in the high-purity Waspaloy with the largest grain size (both in creep tests and in slow-strain rate tensile tests), which is not surprising given that fracture in Waspaloy generally occurs intergranularly. Ductility improvements occurred either when B was added by itself or when B and P were added together. In contrast, strength improvements occurred when B was added by itselfl not when it was added in conjunction with P. Since poor ductility and low strength can both be lifelimiting factors in high-temperature structural alloys, it is clear that the high-B low-P modification of Waspaloy is optimal. .
Technical Details
Alloy 718
Experimental Procedures -Three 718-type alloys, with Allvac designations of G988, G457, and G727, were vacuum induction melted as 23-kg heats and cast as 70 mm diameter electrodes. The electrodes were further refined by vacuum arc remelting to 100 mm diameter ingot: which were homogenized for 16 h at 11900Cand rolled to 15 mm diameter bars within the temperature range of 1040-9200C. The wrought bars were then given the following heat treatment: a solution treatment at 954oC for 1 h, followed by an air cool to and aging at 7180C for 8 h, a furnace cool at 55°C/h to 621oC where they were held for 8 h, followed by an air cool to room temperature. Their compositions are listed in Table I . G457 is the current commercial alloy G988 is a high purity alloy containing essentially noPorB;andthealloy718 with the optimum concentrations of P and B is designated as G727.
Creep-rupture specimens with a gage of 3.18 mm diameter and 17.8 mm in length were machined from the as-heat-treated bars and tested without fhrther heat treatment. Creep rupture tests were conducted in air using lever-arm creep machines with either a 5:1 or.20: 1 load ratio. Tests were conducted at various stresses at tempera- tures of 593 (1 lOOOF), 649 (12000F), 677 (12500F), and 7040C (13000F). Some of the specimens were tested to rupture, while the stress was incrementally increased on other specimens in order to obtain minimum creep rates at several different stresses with the 'same specimen. The secondary stage minimum creep rates were measured from the straight-line portions of the creep curves and were used to determine the stress exponents and activation energies for creep. For purposes of comparison, the data were plotted according to the simple Arrhenius equation where d is the minimum creep rate, A is a constant, c is the applied stress, n is the stress exponent, Q is the activation energy for creep, R is the gas constant, and T is the absolute temperature. Although typically only one test was conducted at each particular temperature and stiess, mariy tests at various stresses were conducted at each temperature in order to produce enough data for an accurate determination of the stress exponents and activation energies.
Microstructure of the alloys were studied using optical and scanning electron microscopy (SEM) tec~ques. Specimens were metallographically polished through 0.5 pm diamond and then were etched in a solution of 4 parts HCI and 1 part HNO,.
Results and Discussion -The microstructure of all three alloys viewed optically and by SEM were determined to be comparable, with average grain sizes in the
.,, --.. .
7-10 pm range. The typical microstructure is shown in Fig. 1 . No in-depth analyses of the volume fraction, size, or distribution of the orthorhomic Ni#b S phase (almost always present in aged alloy 718) were performed, but visibly no significant differences were observed either before or after creep testing. An earlier study using transmission electron microscopy also showed that, although the y'~i~(Al,Ti), Liz] and y" (NiJNb, D02,) precipitates tend to coarsen during long-term aging at 7040C, there is no measurable difference in the stability of these precipitates in the high-purity versus modified 718 alloys after creep testing or long term aging [6] . Atom probe field ion microscopy was used to determine that phosphorus and boron did not segregate to y'-y or y"-y boundaries, but instead segregated to they-y grain boundaries [6, 8] . Fig. 2 , the minimum creep rates for the high-purity G988 and commercial grade G457 spechens were 8.3 x 10-7S-land 1.7x 10-7S-l,respectively, while the P/B-modified G727 alloy specimen had a minimum creep rate of 1.7 x 10-8S-l. As noted above, not all of the creep tests pefiormed in this study were allowed to proceed to fracture; instea& many specimens were used to determine several minimum creep rates by incrementally increasing the stress. Using the Arrhenius equation,
..--.
the activation energies for creep, Q, and the stress exponents, n, were determined and the results are presented in Table III . The activation energies for creep, illustrated for the G988 and G727 alloys in Fig. 3 , were determined to increase in the inverse order as the minimum creep rates: approximately 99 kcal/mole for the high-purity G988 alloy, 144 kcal/mole for the commercial G457 alloy, and 240 kcal/mole for the P/B-modified G727 alloy. For the pure G988 alloy, the measured value for the creep activation energy is within the range of reported values for the activation energy for self diffision in other Ni-based superalloy [1O]and is higher than the activation energy for self diffision in pure nickel [11, 12] (as would be expected in alloys compared to pure metals).
Under experimental conditions where the Arrhenius equation is valid, the value of the stress exponent, n, can be used to identi& possible mechanisms controlling creep deformation as either diffusional creep (n -1), viscous dislocation glide (n -3), dislocation climb (n -4-5), or particle strengthening (n > 6) [13, 14] . In the high-purity G988 alloy, as shown in Fig. 4 , the stress exponent data showed a tendency for a shift Fig. 3 . Determination of activation energies, Q, for the high-purity G988 and P/13-modified G727 alloys. from numbers which indicate a dislocation-controlled type of creep mechanism at lower stresses (n= 2-3) to numbers which suggest strengthening through some kind of pinning mechanism at the higher stresses (n= 7-11). In the microalloyed G727 alloy, stress exponents ranged from 8 to 16 at all stresses tested, and there was no indication of a transition inn at the lower stresses as was observed in the high-purity alloy. The exponent data for the commercial G457 alloy was somewhat in between the high-purity and microalloyed data (n = 4-7) and also showed no indication of a shifl in the n-values.
This dat~together with the much higher activation enerfl for the G727 alloy, suggests that the increased creep life of the modified G727 alloy is due to some kind of pinning
mechanism, and that, compared to the high-purity alloy, this pinning mechanism remains the controlling mechanism at lower creep stresses with the addition of P and B.
At this time the possible mechanisms producing the improvement in alloy 718
with optimum additions of B and P are still being studied and evaluated in terms of the experimental data. Cao et al. [1] have shown that improved creep-rupture properties can be produced with either B or P additions, although the greatest improvement is attained with both additions working in a complementary fashion. There is ample evidence that the strengthening mechanism involves the grain boundaries. It has long been known that B, because of its small size and low volubility in the y and y' phases, segregates to grain boundaries where it fills vacancies, preventing segregation of harrnfid elements [15] [16] [17] [18] . Recent results using Auger and atom probe analyses have shown that P also segregates to grain boundaries in alloy718 and in other Ni-based superalloys [3, 6, 8, 19] . Cao et al. have also shown that the effect of P and B on creep life is alloy specific; in alloy718, P and B act synergistically to improve creep life, while in Waspaloy, P is detrimental and only additions of B result in improved creep resistance [1] . This suggests that the beneficial effect of P in alloy 718 may relate to one or more of the microstructural features that are present in alloy 718 but not in Waspaloy (e.g., the 5 or y" phases or the grain boundary denuded zones). Other possible mechanisms producing improved creep resistance with the addition of P and B include some kind of interaction of P and/or B atoms with precipitates, vacancies, or dislocations in the matrix. However, any study of the effect of P and/or B on the energy or mobility of dislocations or vacancies will be very difficult and will require indirect means of investigation, since few of these features are observed in specimens afler creep testing at temperatures as high as those used in the current study [6] .
The creep activation energies and exponents presented in this study suggest that a pinning mechanism is producing the improved strength in the P/B-modified alloy.
However, those analyses were performed using a simple Arrhenius equation and did not take into consideration the back stress on the dislocations during creep or any change in the shear modulus with changes in test temperature or alloy composition. Such an in-depth analysis h% been performed on a commercial-grade alloy 718 by Chaturvedi and Han [20] . Their results show a shift in the creep exponent values, similar to the results presented in this paper for the high-purity alloy, with n values of 1-1.5 at low stresses or temperatures and values of 5-6 at higher stresses or temperatures. They interpret their data as indicating a change from linear or diffisional creep to dislocation power law creep at the higher stresses or temperatures. Their activation energy of 264 kJ/mole (64 kcal/mole) is also lower than the value of 144 kcal/mole determined in this study for the G457 commercial-grade alloy. Some of this difference maybe due to slight differences in compositions between the two commercial alloys, but the correction for the shear modulus and back stress should contribute significantly to the difference.
Waspaloy
Experimental Procedures -Five microalloyed Waspaloys, with Allvac designations and compositions as shown in Table IV , were fabricated as described above for alloy 718. The wrought bars were then given the following heat treatment: a solution treatment at 1019oC for 4 h followed by a water quench, aging at 843oC for 4 h followed by an air cool, aging at 7600C for 16 h followed by an air cool to room temperature.
G752-2 and WB74 are typical of current commercial alloys; G757-1 is a high purity alloy containing essentially no P or B; G766-2 has the highest amount of P and B of the alloys studied, while alloy G949-1 has a similar amount of B but very low P.
Creep-rupture specimen; with a gage 3.18 mm in diameter and 17. Flat tensile specimens with gage dimensions of approximately 12.7x 3.2x 0.75 mm were machined from the wrought bars of alloys G757-1, G766-2, and G949-1.
Slow strain rate tensile tests, at temperatures between 600 and 900"C, were performed on a screw-driven Instron machine at a strain rate of 3 x 10-5s-l in a vacuum of 105 torr.
The lengths of the specimens were measured before and after testing to determine the percent elongation.
Microstructure of the alloys were studied using optical and scanning electron microscopy (SEM) techniques. Specimens for SEM were metallographically polished through 0.5 pm diamond and then were etched in a solution of 4 parts HC1 and 1 part HNOJ. Scanning electron microscopy was also used to study the fractures of creeptested and tensile-tested specimens.
Optical Microstructure -- Table IV lists the alloys tested in this study. The alloys included one high-purity alloy (G757-1), two commercial-purity alloys (G752-2 and WB74), one alloy with high boron and high phosphorus (G766-2), and one alloy with high boron but low phosphorus (G949-1). The grain sizes noted in Table IV were determined by Allvac and reflect a banded appearance for both the G757 and G766
alloys. Figures 5 and 6 show the optical micro&ructures of the alloys tested. All of the alloys had fairly homogeneous microstructure, with some degree of banding, except the high purity G757 alloy. That alloy (Fig. 5 ) exhibited a duplex microstmcture with about 50°/0large grains 20-100 pm in size and the rest very fine grains of about 10 pm or less. Where these bands occurred, they appeared to run for long distances in a direction parallel to the rolling direction of the bars. Optical metallography was performed on four different specimens of G757. In these four specimens, large grains occupied 50-80'XO (estimated visually) of the cross sectional area.
The G766-2 alloy, with high B and high P additions, contained a few bands of large grains that made up about 10-15'%0 of the cross sectional area. The bands were normally no larger .f.han100-150 pm in width.
The high B, low P G949-1 alloy (Fig. 6 ) had a fairly uniform microstructure with grain sizes of about 10 pm. Very few bands of large grains were observed in 3 different specimens analyzed. One specimen had no observable bands; the other 2 had about 5°/0bands across the cross section.
The two commercial alloys, WB74 and G752-2, each had several bands of large grains across the 3-mm-diameter cross section. These large-grain bands made up about 10% of the cross section. Scanning electron microscopy was also used to study the microstructure. containing high levels of B and P, was the weakest of the five alloys. At 732oC , the G766 alloy failed the soonest, while the other four alloys lasted much longer. The reason for the extraordinary strength of the commercial alloy G752 at these test conditions is not understood, but may relate to the lower degree of large-grained banding in the microstructure of this alloy. As the temperature was increased to 760 and then 8150C,the high B-low P G949 alloy began to separate itself flom the other alloys. The curves for the 7600C tests, which were only conducted on the high B-high P G766, high B-low P G949, and the high-purity G757 alloys, are shown in Fig. 9 . The results show that the G766 specimen elongated much fmter than the other two specimens, although it still had not ruptured after 382 h. Both the high purity G757 and high B-low P G949
alloys crept at about the same low rate, but the creep rate of the G757 alloy increased significantly after about 300 h and it failed quickly at 388h. The G949 alloy, on the other hand, had elongated very little and showed no indications of failure after 382 h.
At 8150C,the high B-low P G949 alloy distanced itself fi.nther from the other alloys. It fractured at about 154 h, but none of the other alloys lasted longer than 28-30 h.
As shown in Table V and Figs. 8-10 , all of the failures in @e high-purity G757 alloy occurred at very low ductilities. Inspection of the fractured specimens showed that there was no uniform elongation and no localized necking. In order to determine the fracture mode, fractured specimens were mounted horizontally in epoxy and pol- ished and etched using standard metallographic techniques. Figure 11 shows that in the high-purity G757 alloy cracks first appeared along the grain boundaries of the larger-,grained bands. The separation occurred perpendicular to the loading direction.' The small-grained bands served to delay crack propagation. However, since the smallgrained bands composed only up to about 50% of the cross-sectional area (much less in many specimens), it could not sustain the specimen for very long. The low elongations that were measured in the G757 specimens were reflective of this premature separation along the grain boundaries. Several creep tested specimens, tested at various temperatures and stresses, were metallographically prepared and photographed in this m~er and all showed this same fracture mode. A few wedge-shaped cracks were observed on grain boundaries in the large-grained bands, but because these bands were not very wide the cracks did not grow to become the major failure mode as was observed in alloy G757. The commercial-grade WB74
and high B-low P G949 alloy specimens used for the 732°C tests continued to elongate and reached the extension limit of the machine's lever arm without ftilure. Both were very near failure, had began to neck locally, and many surface cracks were visible in the necked region.
The failure mode of the high B-low P G949 alloy was studied using the ruptured specimen tested at 8150C and 276 MPa (.40ksi). The corresponding micrographs of its fracture indicated that its basic failure mode was similar to those of all the other alloys except G757. Where large-grained bands were present, some wedge-shaped cracks were visible. But, because the bands were narrow, these did not propagate into the finer-grained regions. Failure was by formation and coalescence of creep cavities on grain boundaries. A specimen fractured at room temperature in air after creep straining to 5V0elongation at 7600C and 345 MPa (50 ksi) showed a ductile dimple failure mode (see Fig. 14) . It is worth noting that, although this specimen was tested to a creep elongation of-5%, the final elongation of this G949 specimen was determined to be 25.2'Yo.So this specimen showed significant ductility as it was cooled to room temperature under the load. In contrast, the G757 specimen that was cooled to room temperature under load had a final elongation of only 5.7'XO.
Using the Arrhenius equation, the activation energies for creep, Q, and the stress exponents, n, were determined. For the five alloys used in this study, the activation " in other Ni-based superalloys [10] and is higher than the activation energy for self diffision in pure nickel [11, 12] (as would be expected in alloys compared to pure metals). At this time, the reason for the difference in Q values between the commercial alloys and the others is not clear. There is no correlation with composition that can explain the difference. The number of data points was low and the scatter in the data points for the commercial alloys was greater. It is possible that with more data points, the line fits for the five alloys will be more comparable.
Although the Arrhenius equation can be used to suggest possible mechanisms controlling creep deformation [13, 14] , individual creep regimes can be difficult to pin down in complex alloy systems. The five alloys of this study varied only slightly in the level of the two minor alloying additions P and B. It was not known if these small differences would produce a detectable effect on the creep exponents and activation energies. Figures 16(a) and (b) show creep exponents determined for the five alloys of this study at temperatures of.732 and 7600C, respectively. There was not much difference evident for the data at 732oC; all the alloys had creep exponents between 5.5 and 8. Likewise,lirnited tests at a lower temperature of 649°C showed no tendency for a difference in creep exponents for the high B-low P G949 and the commercial-grade WB74 alloys. As shown in Fig. 16b , at 7600C all the alloys showed n-values between 2 and 5; the correlation factors for the line fits of the data were above 85°/0. However, the stress exponent data for the high-purity G757 alloy showed a tendency for a shift at a stress of about 276 MPa (40 ksi) from low n numbers (n= 1.5-2) to n >10.
Slow-Strain-Rate'Tensile Testing -Slow-strain-rate tensile tests, as described in the experimental procedures, were performed on specimens machined from the G757, G766, and G949 alloy bars. The results are shown in Table VI . Each of these data points represents only one test. Figure 17 shows the variation of rupture ductility with testing temperature for these three alloys. The high-purity G757 alloy had low tensile elongations at all temperatures tested, while the G949 and G766 alloys, both of which contain high levels of B, had much higher ductilities. Note that these curves suggest a strong correlation between the presence of B in the alloy and the tensile elongation. The correlation between the presence of P and elongation is less clear. at a strain rate of 3 x 10-5S-*.
Fi~e 18 shows the variation of the ultimate tensile strength (UTS) as a fimction of testing temperature for the tests shown in Fig. 17 . The data show no significant difference in the UTS for the three alloys tested. Therefore, it can be concluded that the differences in ductility seen in Fig. 17 are not due to differences in strength. However, as noted above, the microstructure of the G757 alloy contained bands of large grains, while the G949 and G766 alloys had a more uniform microstructure and average grain sizes of about 10 pm. Analysis of the fracture modes showed that the G757 specimen fractured in a brittle intergranular mode (see Fig. 19 ). As~the creep-ruptured specimens, fracture always occurred initially in the large-grained bands, along the grain boundaries and in a direction perpendicular to the load axis. There was no necking visible in any of the G757 specimens. The G949 specimen, on the other hand, failed by formation and coalescence of creep cavities on the grain boundaries. There was extensive elongation of the necked region at failure, which resulted in the extension of some large cavities in the stress direction.
General Discussion -Boron is present in many Ni-based superalloy, usually at levels of 50 to 500 wppm. It is reported to segregate to grain boundaries where it prolongs rupture life and improves rupture ductility [21, 22] . This strengthening is believed to be due to the slowing down of grain-boundary diffisional processes which contribute to creep deformation. bother hypothesis is that it combines with other elements at the grain boundaries, like Zr, to form borides which take up space and prevent the agglomeration of~gCb carbides, also present at grain boundaries [23] . In Astroloy, a yly'-strengthened, nickel-based superalloy similar to Waspaloy, Letellier, et al. [24] , using a three-dimensional atom probe called Tomographic AtomProbe, have shown that B and Mo (and to a lesser extent, C) segregate strongly to the yl y' grain boundaries. Along with the enrichment of B and Mo, they reported a depletion of Al, Ti, and Ni (constituents of they' phase) in a 2-nrn zone at the gain boundaries.
Contrary to Letellier's work, in an atom probe analyses of alloy 718, Miller et al. [5, 6, 8] showed that B and P both prefer to segregate to the yfy grain boundaries and then to phosphides. They do not segregate to yiy' or yiy" boundaries. Boron is a more potent grain boundary segregant. Mo was also seen to segregate to yiy grain boundaries and not to yly' or y/y" boundaries. "
Walsh and Kear [17] used secondary ion mass spectrometry (SIMS) to show that B segregates to grain boundaries in U&met 700, a Ni-Cr-Co-based superalloy similar to
Waspaloy. Also present at grain boundaries were coarse y', fine (-180~) and coarser (-1200~) M~B2precipitates~d comse intragr~ul~M,B, Precipitates
Xie et al. [1.9] showed that P segregates to the grain boundaries and increases the creep lives of alloy 718 (650"C, 686 MPa). It does not affect tensile properties, but it extends the second stage of creep significantly. In Ni-Cr-Fe and Ni-Cr-Fe-Mo alloys (at 650°C, 150 Ml?a) with Cr, Fe, and Mo additions similar to alloy 718; it has no effect on tensile properties, but increases the creep life and ductility in Ni-Cr-Fe-Mo alloys. They suggest an interaction with grain boundary segregants that form precipitates, such as Mo.
Briant [25] studied segregation at grain boundaries in alloy 182 using Auger electron spectroscopy and showed that P segregates strongly to grain boundaries. This alloy has M23C6,M7C~,and TiC precipitates at the grain boundaries, but none contained P. The same P segregation characteristics were reported for Inconel 600 by Guttman, et al. [26] , who along with Berkowitz and Kane [27, 28] report Auger evidence for a role of
Pin promoting hy@ogen embrittlement of nickel-base and'nickel-cobalt-based superalloy.
Cao et al. [1] have shown that improved creep-rupture properties can be produced in alloy718 with either B or P additions, although the greatest improvement is attained with both additions working in a complementary fashion. It has long been known that B, because of its small size and low volubility in the y and y' phases, segregates to grain boundaries where it fills vacancies, preventing segregation of harmfid elements [15] [16] [17] [18] . Recent results using Auger and atom probe analyses have shown that P also segregates to~ain boundaries in alloy 718 [3, 6, 8, 19] and in other Ni-based superalloys.
Song et al. [29] recently reported that P additions to alloy718 result in a refinement of the size and a more uniform distribution of &phase particles at the grain boundaries. They propose that the beneficial effect of P additions on creep properties arises from the inhibition of diffhsion along grain boundaries..
Additional research is needed to determine whether any of the above mechanisms are responsible for the observed ductility and strength improvements in lbs of rectangular bar product. Inquiries for small diameter round bar and large diameter billet have also been received and customer orders for these applications are expected. It is titicipated that this will be ongoing business. Allvac is also attempting to pursuade customers to modi~their specifications for higher boron contents which would permit taking full advantage of the P-B effect in this alloy.
PLANS FOR FUTURE COLLABORATION
At this time, Allvac does not seethe need for additional work on these two specific alloys. They are, however, considering the possibility of fhrther modificatioñ of alloy718 to improve its creep performance and high temperature stability. As this effort proceeds, it is possible there maybe areas for mutual work in the fiture. 
CONCLUSIONS
In alloy 718, the best improvement in stress-rupture life is observed when P and B are present at their respective optimum levels (which are significantly higher than their levels in commercial heats). Rupture ductilities were unchanged, but creep testing showed a decrease in the steady state creep rate of up to ten fold. There was no evidence that the stability of they' or y" precipitates changed with P and B additions, or that these elements segregated to the particle interfaces (although they did segregate to the grain boundaries). In Waspaloy, the longest stress-rupture life is obtained when B is added at its optimum level but P is kept at the lowest possible level. At higher P concentrations (e.g., at the typical P level found in commercial heats of Waspaloy), the beneficial effect of B is not as great. Unlike in alloy 718, where fracture is transgranular, fi-acture in Waspaloy is intergranular. Creep strength was highest in the high-B low-P alloy and lowest in the high-B high-P alloys with the high-purity and commercial-purity alloys falling in between. Interpretation of the trace element effects was complicated by the presence of bands of larger grains inmost of the alloys tested.
In general, when grain-boundary sliding is the dominant deformation mechanism in creep, fine grain size alloys are weaker than coarse grain size alloys. In the present study, however, the high-purity alloy (with the largest grains) was weaker than the high-B low-P alloy with finer grains, suggesting that intra-granular processes of dislocation locking (directly by trace-element atmospheres or indirectly by"the trace elements altering the vacancy concentrations) may be more important than grain-boundary sliding. Ductility, which was lowest in the high-purity alloy, could be improved by the addition of B, but not by the addition of B+P. Since poor ductility and low strength can both be life-limiting factors in high-temperature applications, the high-B low-P modification of Waspaloy is optimal. In alloy718, in contrast, ductility did not change much with alloying additions; therefore, the combination of P+B which results in highest strength is optimal.
